Human helicase-like transcription factor (HLTF) exhibits ubiquitin ligase activity for proliferating cell nuclear antigen (PCNA) polyubiquitylation as well as double-stranded DNA translocase activity for remodeling stalled replication fork by fork reversal, which can support damage bypass by template switching. However, a stalled replication fork is surrounded by various DNA-binding proteins which can inhibit the access of damage bypass players, and it is unknown how these proteins become displaced. Here we reveal that HLTF has an ATP hydrolysis-dependent protein remodeling activity, by which it can remove proteins bound to the replication fork. Moreover, we demonstrate that HLTF can displace a broad spectrum of proteins such as replication protein A (RPA), PCNA, and replication factor C (RFC), thereby providing the first example for a protein clearing activity at the stalled replication fork. Our findings clarify how remodeling of a stalled replication fork can occur if it is engaged in interactions with masses of proteins. U nrepaired DNA lesions are dangerous obstacles for the replication machinery because most of them cannot be accommodated into the active site of the replicative polymerases, thereby blocking the progression of the replication fork. Prolonged stalling might lead to DNA strand breaks, chromosomal rearrangements, or cell death (1-3). To minimize this danger cells have evolved various DNA damage bypass mechanisms that are initiated by exchanging protein components of the normal replication machinery for protein players which either carry out a direct damage bypass or manipulate the stalled fork to generate transitional DNA structures that facilitate damage bypass indirectly. In the first situation, specialized translesion synthesis polymerases that can accommodate even bulky lesions at their active sites take over the 3′ primer end from the accurate replicative polymerase and incorporate either a correct or an incorrect nucleotide opposite the lesion (4, 5). Alternatively, DNA remodeling might lead to the annealing of the stalled nascent strand to the newly synthesized strand of the undamaged sister duplex, resulting in template switch (6) (7) (8) (9) . Although the exact mechanism and factors of template switch have remained largely unknown, two proposed mechanisms have gained significant attention. One is named-based on the shape of the intermediate DNA structure-chicken foot model, which proposes pairing of the two newly synthesized strands of the sister chromatids by reversal of the stalled fork (9, 10). The other model also suggests pairing of the newly synthesized strands, but assumes that it occurs via a D-loop recombination intermediate (6, (11) (12) (13) . It is possible that these mechanisms are not mutually exclusive and the choice can be regulated at the level of displacement and exchange of the protein components of the stalled replication machinery for various new players.
U nrepaired DNA lesions are dangerous obstacles for the replication machinery because most of them cannot be accommodated into the active site of the replicative polymerases, thereby blocking the progression of the replication fork. Prolonged stalling might lead to DNA strand breaks, chromosomal rearrangements, or cell death (1) (2) (3) . To minimize this danger cells have evolved various DNA damage bypass mechanisms that are initiated by exchanging protein components of the normal replication machinery for protein players which either carry out a direct damage bypass or manipulate the stalled fork to generate transitional DNA structures that facilitate damage bypass indirectly. In the first situation, specialized translesion synthesis polymerases that can accommodate even bulky lesions at their active sites take over the 3′ primer end from the accurate replicative polymerase and incorporate either a correct or an incorrect nucleotide opposite the lesion (4, 5) . Alternatively, DNA remodeling might lead to the annealing of the stalled nascent strand to the newly synthesized strand of the undamaged sister duplex, resulting in template switch (6) (7) (8) (9) . Although the exact mechanism and factors of template switch have remained largely unknown, two proposed mechanisms have gained significant attention. One is named-based on the shape of the intermediate DNA structure-chicken foot model, which proposes pairing of the two newly synthesized strands of the sister chromatids by reversal of the stalled fork (9, 10) . The other model also suggests pairing of the newly synthesized strands, but assumes that it occurs via a D-loop recombination intermediate (6, (11) (12) (13) . It is possible that these mechanisms are not mutually exclusive and the choice can be regulated at the level of displacement and exchange of the protein components of the stalled replication machinery for various new players.
It is generally accepted that in eukaryotic cells damage bypass is governed by Rad6 and Rad18, a ubiquitin conjugating and a ubiquitin ligase enzyme, respectively, that form a complex known to monoubiquitylate proliferating cell nuclear antigen (PCNA) at the K164 residue upon DNA damage (14) (15) (16) (17) . Yeast genetic studies on replication of UV-damaged DNA revealed that PCNA monoubiquitylation is a prerequisite for the operation of at least three downstream branches of the Rad6-Rad18 pathway (4, 18) . Two branches include error-free or error-prone translesion synthesis polymerases, whereas the third branch depends on Mms2, Ubc13, and Rad5, for which yeast genetic data indicate template switching mechanism (8) . The choice between translesion synthesis and template switching is thought to be dependent on the polyubiquitylation of PCNA, where Rad5, through its really interesting new gene (RING)-domain ubiquitin ligase activity, stimulates the Mms2-Ubc13-dependent synthesis of a lysine-63 linked polyubiquitin chain onto monoubiquitylated PCNA (16, (19) (20) (21) .
Yeast genetic data also revealed that, in addition to its RING domain, the Rad5 ATPase domain is equally important for replication of damaged DNA (22, 23) . Moreover, biochemical data have given strong support for a role of Rad5, and particularly of its ATPase domain, in a fork reversal-dependent mode of template switch, because purified Rad5 was shown to be able to regress stalled replication fork-like structures in an ATP hydrolysis-dependent manner (24) . Identification, in human cells, of Rad5 orthologues, helicase-like transcription factor (HLTF) and Snf2 histone linker PHD RING helicase (SHPRH) and their characterization as ubiquitin ligases for PCNA K63 polyubiquitylation provided unique evidence for the conservation of the Rad5-dependent pathway in higher order eukaryotes (25) (26) (27) (28) .
HLTF, structurally the closest homologue of yeast Rad5, is a molecular motor protein, which-like many other members of the SWItch/Sucrose nonfermentable (Swi2/Snf2) family-does not exhibit a canonical DNA helicase activity, but has an ATP hydrolysis-driven dsDNA translocase activity. This activity provides the ability for HLTF to reverse replication fork-like structures in vitro. Furthermore, examining the movement of replication forks by DNA fiber method revealed that the ATPase activity of HLTF plays a critical in vivo role in the replication of damaged DNA (29) . These findings taken together with yeast genetic data on RAD5 suggest a role for HLTF in template switch-dependent error-free damage bypass and are in keeping with its proposed tumor suppressor function (30) .
In addition to HLTF, a fork reversal activity has been indicated for a number of other repair proteins such as the Bloom helicase (BLM), HepA-related protein (HARP), and Fanconi anemia complementation group M (FANCM) (31) (32) (33) (34) , which suggests that multiple pathways might exist for template switch-dependent error-free DNA damage bypass. However, all previous fork reversal assays were carried out on naked replication fork-like structures, whereas in vivo a stalled replication fork contains several ssDNA-and dsDNA-bound proteins such as the polymerases, RPA, replication factor C (RFC), and PCNA, which can interfere with DNA remodeling. It is evident that somehow these proteins have to be displaced from the fork for productive template switch and to give access to new damage bypass protein players. It is possible that they become degraded, but a more reasonable hy-pothesis is that these proteins are transiently displaced from the damage site by some protein remodeling mechanism.
A number of Swi2/Snf2 proteins have been described as motor subunits of particular chromatin remodeling complexes, which use the energy of ATP hydrolysis to induce local DNA distortion resulting in the alteration of the association of nucleosomes with DNA (35, 36) . By analogy, we hypothesized that, upon translocation on the replication fork, HLTF might induce local DNA bending or twisting, which might effect the DNA-binding property of proteins in the stalled replication machinery.
Here we examine whether proteins bound to replication forklike DNA structures inhibit two distinct fork reversal enzymes, namely HLTF, an Swi2/Snf2 family protein, and BLM, a RecQ family helicase. We provide evidence that HLTF can specifically remodel replication forks bound by either dsDNA-or ssDNAbinding proteins (SSB), a property associated with a unique protein remodeling activity of HLTF. These observations shed light on how masses of proteins surrounding the stalled replication fork can become displaced from the DNA, providing access to new damage bypass players.
Results

HLTF can Regress a Modeled Replication Fork Bound by dsDNA-Binding
Protein. To examine whether HLTF DNA remodeling activity is inhibited by a protein bound to stalled replication fork-like DNA structures, oligonucleotide-based homologous forks were generated where dsDNA-binding proteins can be bound to its arms. To eliminate the possibility of protein-protein interaction between HLTF and DNA-bound protein, an Escherichia coli E111Q EcoRI endonuclease mutant protein was chosen that is selectively defective in DNA cleavage but retains its sequence-specific dsDNAbinding activity (37) . An EcoRI recognition sequence was introduced to one or both arms of the homologous fork (Fig. 1A) , and the sequence-specific binding of E111Q EcoRI to the homologous fork was confirmed by gel mobility shift experiments (Fig. 1B) . The remodeling of these protein-bound DNA structures can be followed by the appearance of 75∕75-(parental strands) and 30∕30-nt (daughter strands) long dsDNA fragments that would arise upon fork reversal (Fig. 1A) as described earlier (24, 29) . For control, we used the BLM, which has also been reported to have fork reversal activity (33) and found that it was completely inhibited by binding of E111Q EcoRI proteins to both arms (Fig. 1C , compare IV to V). In contrast, we found that HLTF retained its fork reversal activity on the same protein-bound fork substrate and only weak inhibition occurred (Fig. 1C , compare II to III, and Fig. S1A for quantification) . In addition, if the fork DNA contained only a single EcoRI binding site in one of its arms, HLTF processed the leading or lagging strand protein-bound substrates with similar kinetics (Fig. S2) . Moreover, HLTF could also achieve fork reversal when EcoRI was bound on the dsDNA ahead of the fork (Fig. S3) . These results suggest that HLTF can facilitate fork remodeling even when the base or fork arms are bound by proteins, which represents the actual scenario when the replication fork is stalled. The lack of a similar activity in BLM helicase reveals the specificity of HLTF.
Protein Displacement from Modeled Fork Requires the DNA Translocase Activity of HLTF. The ability of HLTF to regress a model replication fork in spite of its being covered by proteins suggests that HLTF is able to actively remodel these proteins. To confirm this remodeling further we set up an experimental system in which the actual displacement of E111Q EcoRI protein molecules from the fork can be monitored. As shown in Fig. 2A , biotin-tagged model forks containing an E111Q EcoRI protein bound to its binding site on one of the arms were immobilized on NeutrAvidin beads. Next, the fork regression assay was carried out on the beads by HLTF, where E111Q EcoRI proteins can be released into the supernatant. Finally, the supernatant was examined for the presence of E111Q EcoRI by trapping with a labeled duplex DNA containing a single EcoRI binding site. Thus the actual displacement can be monitored by the appearance of E111Q EcoRI-bound trap DNA in gel mobility shift experiments (Fig. 2B) . We found that upon HLTF-dependent DNA remodeling E111Q EcoRI protein molecules were released into the supernatant (Fig. 2B, lane 6) . Removal of bound E111Q EcoRI protein from the fork DNA was observed only with wild-type HLTF but was absent in mutant DE557, 558AA HLTF lacking ATPase/dsDNA translocase activity (Fig. 2B , compare lanes 4 and 6). Thus, this result not only provides evidence for HLTF's ability to remove dsDNA-binding proteins from the replication fork-like DNA structures, but also confirms that this removal is an active process depending on HLTF's ATPase activity. However, it was not clear whether the displacement of dsDNA-binding protein is due to HLTF fork regression activity or is solely dependent on its dsDNA translocase activity. To answer this question, instead of a modeled fork, a 75∕30-mer partial duplex DNA resembling only an arm of the previously used replication fork with an EcoRI binding site was bound to NeutrAvidin beads. This experiment revealed that HLTF can indeed displace a protein from a duplex DNA, and this displacement was only observed with the wild-type HLTF protein but not when the DE557, 558AA HLTF ATPase mutant was used (Fig. 2C , compare lanes 5-6 with 8-9). These results provide evidence that HLTF, along with its ubiquitin ligase and fork regression activity, also has a protein displacing activity.
HLTF can Remodel Gapped Replication Forks Bound by ssDNA-binding proteins. It has been previously reported that the blockage of the replication machinery can lead to uncoupling of leading and lagging strand synthesis, resulting in the generation of ssDNA, which in turn will be occupied by RPA, an SSB (38, 39) . One would expect this RPA-ssDNA complex to be dissociated prior to DNA remodeling for a successful damage bypass. To model this situation we generated a 15-nt long ssDNA gap region in the leading strand of fork DNA, where RPA or E. coli SSB was successfully bound, as shown by gel shift experiments ( Fig. S4 A and B and Fig. S5 ). Previous data indicated that some DNA helicases such as Srs2 and BLM have the ability to remove certain proteins bound to ssDNA (40, 41) . In concert, we found that RPA or SSB did not inhibit BLM fork reversal activity which can be mechanistically explained by the fact that BLM translocation on ssDNA can displace RPA or SSB (Fig. S4C ). However, with a similar mechanism one cannot expect ssDNA-bound protein removal by a dsDNA translocase. Previously, we showed that HLTF cannot translocate on ssDNA but is able to displace the third strand of a partial triple-helix in an ATP-dependent manner, thereby providing evidence that HLTF is a dsDNA translocase (29) . Nevertheless, by fork reversal assay we managed to reveal that HLTF can successfully regress ssDNA-binding protein-covered forks (Fig. 3A) . RPA and E. coli SSB-covered fork DNAs were processed with similar efficiency, ruling out a role for a potential interaction between RPA and HLTF in this activity (Fig. 3A , compare III and IV). RPA or SSB displacement can be explained by the dsDNA translocase activity of HLTF, assuming that during fork reversal HLTF translocates on the parental duplex DNA, when it concertedly unwinds the arms of the fork and zips the parental strands and the nascent strands and, coordinately with this process, removes the proteins encountered. Altogether, these fork reversal assays on protein-bound substrates reveal the fact that during fork reversal HLTF is also able to remodel SSBs from DNA. HLTF can Dislodge PCNA, RFC, and RPA Complex from DNA Replication Fork. The above results confirm that HLTF can remodel ssDNAand dsDNA-binding proteins on stalled replication fork-like DNA structures. However, the proteins we tested were far from the nature and complexity of the proteins which can be found at the stalled replication fork in vivo. To provide further evidence that HLTF can indeed remodel various proteins expected to be present at a stalled replication fork, we examined if HLTF can overcome the inhibitory effect of the complex of the replicative polymerase clamp PCNA, the clamp loader RFC, and RPA bound to a model replication fork substrate. PCNA, RFC, and RPA were bound to a substrate containing a 15-nt long ssDNA region in the leading strand of fork DNA (Fig. 3B) . We note that considering the short ssDNA region present in this model fork DNA RPA binding presumably occurred only by its DNA-binding subunit, which, however, was stable as confirmed by gel shift assay (Fig. 3B, lane 3) . In control experiments these DNA-binding proteins completely inhibited fork reversal by BLM helicase (Fig. 3C , compare IV and V). Importantly, however, HLTF was able to remodel the fork DNA substrate bound by these protein factors of the replication machinery (Fig. 3C , compare II and III). This activity was similar to what we saw with E. coli E111Q, where HLTF actively removed the protein from DNA and regressed oligo-based fork-like structures. As expected, the yeast Rad5, an orthologue of HLTF, was also able to reverse protein-bound fork DNA indicating the conservation of this particular protein remodeling activity (Fig. S6 ). To show that DNA size is not limiting, we conducted a similar experiment with a plasmid-based fork structure and found that PCNA and RFC do not prevent HLTFdependent fork reversal (Fig. S7) . Together, these findings suggest that HLTF-dependent fork reversal is not prevented if these replication accessory proteins are bound to stalled replication fork DNA. Hence, we conclude from our results that along with its DNA remodeling activity, HLTF also has a general protein remodeling activity and the two together provide an ability for HLTF to process a protein-covered stalled replication fork.
Discussion
Previously we have shown that HLTF and its yeast homologue, Rad5, have a DNA translocase activity enabling them to carry out replication fork reversal by concertedly unwinding the leading and lagging strand arms of the fork and then annealing together the nascent strands and the parental strands (24, 29) . This finding provided unique biochemical evidence for the capability of HLTF and Rad5 to facilitate error-free damage bypass by switching the template from the damaged leading strand to the newly synthesized undamaged nascent strand of the lagging arm. In addition to Rad5 and HLTF, the number of enzymes with proven fork reversal activity is continuously growing (31, 33, 34, 42, 43) , which raises the possibility that many parallel pathways might exist for fork reversal and template switching. However, it has not been examined what happens to the huge protein complex present at the stalled replication fork, collectively referred to as replication machinery. It is evident that this complex or at least its particular elements have to be displaced from the fork for rescue mechanisms such as template switching to occur smoothly. For this obvious problem, however, no solution has been proposed, mainly because previous fork reversal assays were carried out using naked oligonucleotide-or plasmid-based fork DNA substrates. Possible hypotheses involve either removing particular proteins from the stalled fork by some unknown remodeling factor, or in situ degradation of these proteins.
Here we provide evidence for the first scenario and show that HLTF has a unique protein remodeling activity. We recognized this activity by investigating various dsDNA-or ssDNA-binding protein covered modeled replication fork structures and by asking if bound proteins have any inhibitory effects on fork reversal by HLTF and BLM that belong to the Swi2/Snf2 and RecQ family, respectively (29, 33) . To our surprise, neither a complex of human replication proteins consisting of RPA, RFC, and PCNA nor E. coli EcoRI protein, used as a site-specific dsDNA-binding model protein, posed a big challenge for HLTF fork reversal activity, whereas they completely inhibited BLM helicase-dependent fork reversal. These experiments suggested that HLTF has a general protein remodeling activity, which can relocate DNAbound proteins or might completely break off DNA-protein interaction. Supporting the second assumption, using NeutrAvidine bead-bound biotin-DNA substrates, we managed to show that HLTF is indeed able to disrupt DNA-protein interactions, as revealed by the appearance of displaced proteins relocated from the solid bead-DNA-protein fraction into the supernatant. Thus we suggest that on a protein-bound stalled replication fork, HLTF cannot only facilitate a mere DNA-protein structural readjustment such as forcing the backtrack of the PCNA ring, but it is also able to remove inhibitory proteins from DNA and that both of these mechanisms might play a role in productive protein exchange and damage bypass.
As shown on a schematic model in Fig. 4 , we propose that HLTF has a protein cleansing function at stalled replication forks, which is a prerequisite for successful fork remodeling leading We suggest that one such mechanism through which a fork can clear up its protein content can be facilitated by HLTF. HLTF can have dual functions because it can not only clear up the proteins, but also can give rise to a four-way junction intermediate called chicken foot. This four-way junction can then be used by other subsequent repair pathways like (i) Holliday junction resolvases, which can resolve a four-way junction through their nuclease activity, (ii) template switch-dependent DNA synthesis, where a DNA polymerase extends the 3′ OH end of the leading nascent strand by copying from the nascent lagging strand, (iii) nucleotide excision repair pathway, where a short ssDNA segment is removed creating a single-strand gap in the DNA, which is subsequently filled in by DNA polymerase using the undamaged strand as template. Once the lesion is repaired or bypassed, the stalled replication fork readopts its original structure and the progression of DNA replication is reestablished.
finally to replication through the lesion. We hypothesize that remodeling proteins at the stalled replication fork and fork reversal can provide an opportunity either for a DNA polymerase to extend the originally blocked 3′ DNA end using the newly synthesized sister strand as a template, or for excision repair to remove the lesion, or for recombination mediated replication to restart after cleavage of the reversed fork. It would be interesting to examine if HLTF protein displacement/DNA remodeling activity can operate on other structures, e.g., on D-loop intermediates of synthesis-dependent strand annealing mechanism, which has also been proposed to function in filling in ssDNA gaps that are left behind during replication (18) .
For a number of DNA helicases such as yeast Srs2, human RECQ5, and BLM, displacement activity for the ssDNA-binding Rad51 protein has been reported (40, 41, (44) (45) (46) (47) . The specificity of these enzymes is ensured by their physical interaction with Rad51, and their mechanism can be explained by their ssDNA translocase activity by which they might break into the Rad51-ssDNA interface upon ATP hydrolysis-dependent ssDNA translocation, resulting in breaking off the Rad51-ssDNA interaction. Being a dsDNA translocase, HLTF can be distinguished from these canonical DNA helicases, and we propose that the mechanism of protein remodeling by HLTF is more related to the action of Swi2/Snf2 chromatin remodeling enzymes.
In general, proteins in the Swi2/Snf2 family have been considered as chromatin remodeling enzymes for nucleosome displacement (35, 36) . Mechanically, most of these enzymes can interact with dsDNA as well as with histones, usually present in their particular posttranslationally modified forms. By translocation on dsDNA they can induce local DNA distortion which contributes to nucleosome remodeling. Interestingly, the Swi2/Snf2-related Rdh54 and the Rad54 DNA branch migrating proteins exhibit not only nucleosome remodeling activity, but can displace Rad51 as well (48) (49) (50) (51) . Also, from the Swi2/Snf2 family members Mot1 has been reported to have a nonnucleosomal protein remodeling activity. Mot1 is able to displace the TATA box-binding protein (TBP) from DNA, thereby providing a regulatory check for transcription. Mot1 does not detectably bind to DNA on its own, but the cooperative interaction between Mot1 and TBP can stabilize the ternary complex and, subsequently, the ATP hydrolysisdependent translocation of Mot1 on dsDNA into the TBP-DNA interface can result in TBP dissociation (52) . Whereas Mot1 is specific to TBP protein removal, which is ensured, at least partly, by its interaction with TBP, our study identifies HLTF as a more general protein remodeling enzyme. Support for this notion is provided by the ability of HLTF to remodel not only components of the replication machinery such as PCNA, RFC, and RPA with which its interaction cannot be ruled out, but also an E. coli dsDNA-binding protein, namely EcoRI E111Q, as well as E. coli SSB with which its physical interaction is highly unlikely. Because the ATPase mutant HLTF is impaired in protein remodeling, we suggest that it is local twisting and bending of DNA induced by ATP hydrolysis-dependent HLTF translocation on dsDNA that constitutes the main force for breaking up protein-DNA interactions.
The discovered coordinated protein displacing/DNA remodeling activity of HLTF further extends the repertoire of the enzymatic capabilities of the intensively examined Swi2/Snf2 protein family, and raises the question of whether other members also exhibit similar activities. Thus, it would be interesting to test other Swi2/Snf2 proteins such as the Rad54, HARP, and FANCM fork reversal enzymes for general protein remodeling activity on various DNA structures such as stalled replication fork.
Finally, in a high percentage of various cancers, for example over 40% in colon cancers, HLTF expression is silenced or various Swi2/Snf2 domain deletion mutant HLTF proteins are expressed, which suggests that HLTF can be a tumor suppressor (53, 54) . Because HLTF was also reported to be a transcription factor, one acceptable explanation for this finding could be that tumor suppression is because of its effect on gene expression. The other possibility is that as a PCNA polyubiquitin ligase, HLTF has a regulatory role for providing error-free damage bypass (25, 27, 30) . In addition to these possibilities, now we suggest that the described coordinated protein displacing and DNA remodeling activity of HLTF can also be important for providing genome stability.
Materials and Methods
Proteins and DNA Substrates. Purification of wild-type HLTF, ATPase mutant DE557,558AA HLTF, BLM, E. coli E111Q EcoRI endonuclease mutant protein, PCNA, RFC, RPA, and the generation of modeled fork substrates are described in SI Materials and Methods.
Protein-Bound DNA Substrates and Gel Shift Assay. To generate an E111Q EcoRI-bound fork, a homologous fork containing EcoRI binding site(s) (1 nM) was preincubated prior to fork reversal assay with purified E111Q EcoRI (350 nM) in a binding buffer containing 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT, 0.1 mg∕mL BSA, 10% glycerol at 37°C for 15 min. For ssDNA protein-bound substrates, a gap substrate containing a 15-nt gap on the leading arm of the fork (1 nM) was incubated with human RPA (160 nM) or E. coli SSB (2 μM) in binding buffer containing 50 mM Hepes 7.8, 150 mM NaCl, 2 mM DTT, 10 mM MgCl2, 0.1 mg∕mL BSA and 10% glycerol at room temperature for 15 min (used for Fig. 3A and Fig. S4 ). To generate PCNA-, RFC-, and RPA-bound substrates (used for Fig. 3B and Fig. S7 ), first PCNA (80 nM), next RFC (80 nM), and finally RPA (160 nM) were added to the gap substrates ( 1 nM) at 0°C in a buffer containing 20 mM Tris·HCl pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM DTT, 1 mM ATP, 0.1 mg∕mL BSA, and 10% glycerol followed by incubation at 37°C for 15 mins. The protein-bound DNA substrates were divided and immediately used for fork reversal assay and for confirming protein binding by gel shift assay. For gel shift assay, samples were loaded onto a 4% native polyacrylamide gel containing acrylamide and N,N bis-acrylamide in 30∶0.8 ratio, 0.5x Tris-borate and 2.5% glycerol before gel electrophoresis at 4°C in 0.5x Tris-borate buffer containing no EDTA.
Fork Reversal Assay. Fork reversal assays with HLTF (10 nM) and BLM (10 nM) were carried out in buffer H containing 20 mM Tris·HCl, pH 7.5, 150 mM or 100 mM NaCl, 5 mM MgCl2, 5 mM ATP, 0.1 mg∕mL BSA, 1 mM DTT and 10% glycerol with 0.5 nM 32P-labeled naked fork DNA or fork DNA preincubated with DNA-binding proteins as described in the gel shift section. We note that all fork reversal assays were carried out at 100 mM as well as 150 mM NaCl concentration because HLTF exhibits higher fork reversal activity at 150 mM NaCl (used for figures with HLTF) whereas BLM at 100 mM NaCl (used for figures with BLM), but at both salt concentrations similar results were reached allowing the same conclusion. Reaction mixtures were incubated at 37°C for the time indicated in the figures, followed by adding equal volumes of stop buffer containing 20 mM EDTA, 1% sodium dodecyl sulfate, 10% glycerol, and 0.02% bromophenol blue before further incubation for 5 min. DNA samples were loaded onto 10% native polyacrylamide gels, and the products were separated by electrophoresis using 1x Tris-borate buffer containing no EDTA.
Protein Displacement Assay. A homologous fork or a 75∕30-mer partial duplex DNA with an EcoRI binding site was generated, in which one of the oligonucleotides was biotinylated (HomF-biotin). E111Q EcoRI (350 nM) was allowed to bind to HomF-biotin (1 nM), followed by binding of this protein-bound fork (200 μL) to 50 μL of NeutrAvidin beads (PIERCE-29200) before vigorous washing. Next, fork reversal assay was carried out on the bead-bound fork/ E111Q EcoRI substrate using wild-type HLTF (50 nM) or ATPase mutant DE557,558AA HLTF (50 nM). Ten microliters of supernatant fractions were collected at each time point and incubated with labeled trap dsDNA (0.5 nM) containing a single EcoRI binding site. The displacement of E111Q EcoRI protein was followed by the appearance of a shift due to its binding to trap dsDNA in a gel retardation assay.
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